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 The importance of morphology to organic solar cell performance is well 
known, but to date, the lack of quantitative, nanoscale and statistical mor-
phological information has hindered obtaining direct links to device function. 
Here resonant X-ray scattering and microscopy are combined to quantita-
tively measure the nanoscale domain size, distribution and composition 
in high effi ciency solar cells based on PTB7 and PC 71 BM. The results show 
that the solvent additive diiodooctane dramatically shrinks the domain size 
of pure fullerene agglomerates that are embedded in a polymer-rich 70/30 
wt.% molecularly mixed matrix, while preserving the domain composition 
relative to additive-free devices. The fundamental miscibility between the 
species – measured to be equal to the device’s matrix composition – is likely 
the dominant factor behind the overall morphology with the additive affecting 
the dispersion of excess fullerene. As even the molecular ordering measured 
by X-ray diffraction is unchanged between the two processing routes the 
change in the distribution of domain size and therefore increased domain 
interface is primarily responsible for the dramatic increase in device perform-
ance. While fullerene exciton harvesting is clearly one signifi cant cause of the 
increase owing to smaller domains, a measured increase in harvesting from 
the polymer species indicates that the molecular mixing is not the reason 
for the high effi ciency in this system. Rather, excitations in the polymer likely 
require proximity to a pure fullerene phase for effi cient charge separation and 
transport. Furthermore, in contrast to previous measurements on a PTB7-
based system, a hierarchical morphology was not observed, indicating that it 
is not necessary for high performance. 
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  1. Introduction 

 Due to continuing substantial improve-
ments in device performance, organic 
photovoltaics (OPV) are quickly gaining 
interest as a potential source of renew-
able and economically viable electric 
energy. Recently, the power conversion 
effi ciency (PCE) for solar cells based on 
solution-processable blends of conjugated 
polymers and fullerenes has surpassed 
8% with the materials PTB7 and PC 71 BM. 
This achievement has been a culmination 
of systematic enhancement of the polymer 
material’s energy levels and side chains [  1  ,  2  ]  
as well as optimization of the interfaces of 
these materials with device electrodes. [  3  ]  
The use of the C 70 -based fullerene com-
pared with the more traditional C 60  allo-
trope enhances photoabsorption over a 
large energy range, allowing the more effi -
cient harvesting of solar energy. 

 It is well known, however, that the nano-
to-mesoscale morphologies of these blends 
are also critical for the performance of these 
devices. For example, OPVs are thought to 
require a co-continuous phase-separated 
morphology of electron donor and acceptor 
materials for effi cient charge transport with 
domain size of  ∼ 10 nm envisioned to be an 
ideal match to the diffusion length of the 
excitons created upon photoabsorption. Pol-
ymer crystallinity as measured with X-ray diffraction has also been 
shown to be benefi cial to device performance in some systems as 
absorption and charge transport are both enhanced in crystalline 
portions of the material. [  4–6  ]  Furthermore, it has been shown that 
non-crystalline portions of these materials mix at the molecular 
level. [  7–13  ]  The impact of polymer–fullerene miscibility, however, is 
not well understood, largely because it is diffi cult to quantitatively 
measure composition in actual devices. Although PTB7:PC 71 BM-
based devices currently hold the record in OPV performance, 
they seem to contain very low levels of crystallinity, potentially 
reducing the impact of this parameter. [  14  ]  With respect to domain 
size, there have been confl icting results in the literature regarding 
the effect of the additive diiodooctane (DIO). While energy-fi ltered 
transmission electron microscopy (EFTEM) tomography has 
suggested DIO reduces the domain size, [  14  ]  Chen et al. reported 
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an increase in domain size. [  15  ]  Chen et al. further reported that 
the domain composition changes and forms a hierarchical 
morphology with use of the additive, [  15  ]  potentially making the 
average domain size less important. Since neither of these studies 
specifi ed the statistics of domain size distribution nor the actual 
domain compositions, the precise origin of the performance 
enhancement in these devices achieved with solvent additives 
remains elusive. In fact, this lack of quantitative information on 
morphology is rather general to polymer and small molecule-
based devices and stems from a paucity of characterization tools 
with the necessary sensitivity, resolution and quantitative nature. 

 Resonant soft X-ray scattering (R-SoXS) experiments have 
recently been demonstrated to overcome some of these prob-
lems, probing structure down to the nanometer length scale 
but so far only with qualitative information on composi-
tion. [  15–18  ]  Combined with X-ray spectromicroscopy, we extend 
the capability of R-SoXS characterization to enable quantitative 
measurement of domain composition and size distribution to 
domains as small as a few nanometers. Applying this method-
ology to the material system PTB7:PC 71 BM, we show that the 
morphology of this system is comprised of a pure amorphous 
fullerene phase with a large size distribution, dispersed in an 
overwhelmingly amorphous matrix whose mixed composition 
of 70/30 (PTB7/PC 71 BM) wt.% is in agreement with the ther-
modynamic miscibility of these materials, suggesting misci-
bility is a major driving factor of the morphology. This conclu-
sion contrasts with a previous report in which the distribution 
of scattering intensity was interpreted as hierarchical morpho-
logies in PTB7:PC 61 BM. [  15  ]  In our study, the effect of the DIO 
additive is revealed to shrink the fullerene dispersions without 
altering composition. Combining this information with compo-
nent analysis of the devices’ quantum effi ciency indicates that 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 

     Figure  1 .     Device and material characterization: (a) Current density vs. 
(b) external quantum effi ciency, (c) material chemical structures, and (d) 
a fi t from a linear combination of UV–visible absorption spectra from prist
excitons generated in the smaller fullerene agglomerates are 
more effi ciently dissociated. Furthermore, the quantum effi -
ciency in the spectral range where the polymer absorbs also sig-
nifi cantly increases despite the absence of change in the chains’ 
local environment or ordering when DIO is added. Thus, 
extended charge separation via molecularly dispersed fullerene 
molecules present in both fi lms may be rather ineffi cient, 
suggesting molecular miscibility and mixing is not benefi cial 
to device function. The capability to quantitatively measure 
domain size, composition, and material crystallinity simultane-
ously within a fi lm is, therefore, critical for understanding fun-
damental optoelectronic processes in these materials as well as 
optimizing device performance. 

 In Section 2, we fi rst outline the improvement of device per-
formance with the additive, resolving the improvement into 
components originating in the fullerene versus the polymer 
species. Next the ordering of both the polymer and fullerene 
are investigated via X-ray diffraction. Finally, to investigate 
domain morphology and composition, we fi rst use spectromi-
croscopy to quantitatively probe the large-scale structure and 
subsequently use resonant scattering to extend characterization 
to the nanometer scale. The origin of this morphology and its 
implications for device function are discussed in Section 3.   

 2. Results  

 2.1. Device Characteristics   

 Figure 1   presents the device properties of the 1:1.5 by 
weight PTB7:PC 71 BM blend devices (chemical structures in 
GmbH & Co. KGaA, Weinheim

applied voltage of the PTB7:PC 71 BM devices under AM1.5 illumination, 
difference in quantum effi ciency between the two devices superimposed by 
ine fi lms of each molecule.  
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   Table  1.     Device parameters: PCE  =  J SC  ∗ V OC  ∗ FF/ I 0 , where incident inten-
sity I 0   =  100 W m  − 2 . 

Sample J SC  
[mA/cm 2 ]

V OC  
[V]

FF 
[%]

PCE 
[%]

CB 7.2 0.78 43 2.4

CB + DIO 14.1 0.74 51 5.3
Figure  1 c) cast from chlorobenzene (CB) solutions without or 
with 3 volume% DIO as additive (this point forward labeled 
“CB” and “CB + DIO” samples). Both device performance 
(Figure  1 a) and external quantum effi ciency (EQE, Figure  1 b) 
improve drastically with the addition of DIO, similar to the 
original study on this effect. [  2  ]  In fact, the EQE and device 
parameters as outlined in  Table    1   are nearly identical to those 
reported previously [  2  ] – especially to the CB + DIO device where 
only the fi ll factor is different and fully accounts for the differ-
ence in effi ciency between the two studies. The lower fi ll factors 
in our devices may result from unoptimised contact to elec-
trodes that reduce the internal electric fi eld in the device. [  3  ]  The 
major differences between the two samples in this study are 
a doubling of the short circuit current and a relatively modest 
19% gain in the fi ll factor resulting in a more than doubling of 
the effi ciency.   

 To investigate the source of this gain in solar harvesting, 
the differential EQE spectrum (EQE CB + DIO –EQE CB ) was fi t to a 
linear superposition of the pure UV-visible absorbance for each 
component material and is presented in Figure  1 d. This simple 
analysis allows for a rough calculation of the relative gain in 
effi ciency originating from absorption by the two molecular 
species. Interference effects in the device were simulated using 
prior established methods, [  19–22  ]  but did not appear to affect 
this analysis substantially (see Supporting Information for 
details). The simulations also showed that reorganization of 
the lateral morphology would not affect the absorption of the 
two species, indicating that any gains in the EQE must be from 
© 2013 WILEY-VCH Verlag G

     Figure  2 .     Grazing incidence X-ray scattering study: Panels (a), and (b) sh
respectively. (c) and (d) are  ± 10 °  sector profi les along the directions specifi
tively. The sharp dip in Z-profi les at  ∼ 6 nm  − 1  is from a background subtrac
directly. Detailed analysis is described in the Supporting Information.  

Adv. Energy Mater. 2013, 3, 65–74
increased exciton dissociation, separation, or charge transport. 
The resulting relative effi ciency gains of 42% for the polymer 
versus 58% for the fullerene show that the increased effi ciency 
is preferentially from charges originating from PC 71 BM absorp-
tion. This is an important result as most morphological opti-
mizations in the past have focused on the contribution of the 
polymer and suggests a closer look at fullerene morphology is 
also warranted in these systems.   

 2.2. X-Ray Diffraction 

 As a change in crystallinity has been linked to device perform-
ance in multiple material systems, we probed this aspect using 
grazing incidence wide angle X-ray scattering (GIWAXS) at 
beamline 7.3.3 of the ALS [  23  ]  with primary results presented in 
 Figure    2  . The 2D data in Figure  2 a,b, as well as the profi les in 
Figure  2 c,d, reveal patterns very similar to those reported pre-
viously for these fi lms. [  14  ,  15  ,  24  ]  The variation of the intensities 
67wileyonlinelibrary.commbH & Co. KGaA, Weinheim

ow background subtracted CCD output of the CB and CB + DIO samples, 
 ed in the legend and circularly averaged profi les from (a) and (b), respec-
tion artifact. (e) Circularly averaged profi les of the two samples compared 
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     Figure  3 .     Resonant microscopy: (a) NEXAFS spectra of the component 
materials demonstrating the nature of the contrast. (b) & (c) Film com-
position maps (same magnifi cation) of the CB and CB + DIO fi lms, respec-
tively, obtained from imaging at energies 284.4 eV, 320 eV and 350 eV in 
(a). (See Supporting Information for details.) (d) Histograms of (b) & (c). 
(e) Line profi les taken from the yellow lines in (b) & (c). The black dashed 
lines in (d) & (e) represent the measured composition of the matrix phase 
in the CB sample.  
of the polymer refl ections with azimuth (shown in the sector 
profi les of Figure  2 c and  2 d) confi rm the preferential orienta-
tion of the polymer aromatic planes of the crystallites is ‘face-
on’ with the substrate and occurs in roughly equal levels in the 
two samples.   

Figure  2 e compares the circularly averaged profi les of the 
two samples. The plots overlap nearly perfectly, demonstrating 
that the crystallinity of the fi lm changes very little when DIO is 
added to the casting solution. The only signifi cant difference is 
in the position of the PTB7 (100) refl ection, which represents 
the lamellar spacing. A decreased peak position indicates that 
the lamellar spacing increased when DIO is added to the solu-
tion. The profi les were fi t to a series of Lorentz functions on 
a double exponential background (see Supporting Information) 
and confi rm that the spacing changes from 17.1(1) Å without 
DIO to 18.9(1) Å with the additive. No other change of d-spacing 
was detected, and all other d-spacing values of polymer and 
fullerene (see Table S1) correspond quantitatively with those 
reported earlier. [  14  ,  15  ,  24  ]  It is diffi cult to hypothesize any major 
effect to devices from the change in lamellae spacing measured 
here, since charge generation or transport is not thought to 
occur in this direction of a polymer crystal. 

 To assess the level of crystallinity, the peak area and coher-
ence (2 π /FWHM) – which roughly corresponds to crystallite 
population and size, respectively – were analyzed from the fi ts. 
No signifi cant difference between the two samples was detected 
for both parameters of all analyzed peaks (see Figure S2). In 
the polymer, the PTB7 (100) peak area is substantial but has a 
coherence of only 30 Å, resulting in less than two lamellar spac-
ings per ‘crystallite’. For the PTB7 (010)  π -stacking refl ection 
– the direction corresponding to charge transport – the meas-
ured coherence results in approximately fi ve stacked molecules 
but with the fi tted values of coherence and peak area agreeing 
with zero due to the surrounding fullerene refl ections (See 
Figure S2). All fullerene peaks result in packing coherences of 
 ∼ 20 Å or less, but with a measured (100) d-spacing of 9.7(1) Å, 
this only corresponds to a ‘crystal’ of a few molecules. This 
coherence length is typical of most polymer/fullerene blends 
and has been used to postulate a lack of fullerene crystallinity 
in these fi lms. [  25  ]  These results agree with previous studies 
demonstrating that the crystallite population is very small. [  14  ]    

 2.3. Resonant Microscopy and Thermodynamic Miscibility 

 Since the crystallinity is very low and does not change between 
the samples, it cannot be the reason for the dramatic change 
in device performance. Therefore, the overall morphology and 
composition was investigated using spectromicroscopy with a 
scanning transmission X-ray microscope (STXM) at the 5.3.2.2 
beamline of the Advanced Light Source. [  26  ]  Due to diverse 
molecular resonances of the two components, an image of 
a fi lm acquired at multiple X-ray energies can be quantifi ed 
into composition at each pixel via knowledge of each mate-
rial’s mass absorption spectra as calculated from near edge 
X-ray absorption fi ne structure (NEXAFS) measurements (see 
 Figure    3  a). [  27–30  ]  Presented in Figure  3 , the composition maps 
of the two fi lms reveal extremely different morphologies with 
 ∼ 200 nm sized fullerene dispersions in a mixed matrix for the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
CB samples compared to a much fi ner texture in the CB + DIO 
sample, in agreement with AFM data (Figure S4) and EFTEM 
tomography. [  14  ]  The histogram and line profi les in Figure  3 d,e 
show that the matrix in the CB sample is 30(2) wt.% fullerene 
whereas the fullerene dispersions are pure to within an uncer-
tainty of 2 wt.%, similar to the domain compositions of MDMO-
PPV/PC 61 BM blends. [  28  ]  Although the theoretical resolution 
limit of the microscope under ideal operating conditions is 
31 nm, quantitative measurements become unreliable in 
features far larger due to the point spread function of the 
X-ray beam artifi cially reducing the measured purity of the 
domains. [  30  ]  (See the round-topped fullerene dispersions in 
Figure  3 e, for example.) The features seen here are at the limit 
of accurate compositional analysis, and this is the fi rst time the 
GmbH & Co. KGaA, Weinheim Adv. Energy Mater. 2013, 3, 65–74
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     Figure  4 .     PTB7 miscibility with PC 71 BM: Panel (a) and (b) show composi-
tion measurement of as cast blend fi lm and one annealed at 140  ° C for 
95 hours in an inert environment, respectively. Red lines/symbols are 
NEXAFS data/uncertainty, black lines are fi ts, and grey lines are residuals 
dividedbytheuncertainty. Yellow and blue lines are PTB7 and PC 71 BM ref-
erence spectra used in the fi t and plotted on a separate Y-axis for clarity.  
domain composition of device active layers has been measured 
in such a high performing material system. By comparison, the 
CB + DIO sample is either nearly fully mixed or has domains that 
are smaller than the resolution limit of the X-ray microscope. 
The composition analysis on this sample, however, cannot be 
conclusive as the size of the morphology imaged with STXM is 
far below the resolution limit for quantitative analysis.  

 To assess the role that thermodynamics plays in the compo-
sition of the domains, the molecular miscibility was measured 
as done previously for P3HT [  7  ]  following the detailed analysis 
outlined elsewhere. [  30  ]   Figure    4   presents fi tted NEXAFS spectra 
for blend fi lms as cast and annealed (at 140  ° C) to composi-
tional equilibrium. The annealed fi lms developed many-micron 
sized PC 71 BM crystals as seen in other studies, [  7  ,  12  ,  13  ]  which 
gradually depleted the surrounding fi lm. The statistical average 
miscibility from multiple measurements resulted in 29(1) wt.% 
PC 71 BM in PTB7 – the same value as measured in the matrix 
of the as-cast CB fi lms. This result suggests that the initial 
fullerene composition of 60 wt.% in solution is high enough for 
spontaneous phase separation (above the binary spinodal) and 
© 2013 WILEY-VCH Verlag GmAdv. Energy Mater. 2013, 3, 65–74
there is suffi cient time and mobility during solvent evaporation 
for the matrix to reach the thermodynamic limit, which should 
in all cases be a lower bound for the fullerene concentration as 
the solvent concentration diminishes to zero. A miscibility this 
high may be important for electron transport in the matrix as 
it is well above the percolation threshold of  ∼ 20 wt.% demon-
strated recently by Vakhshouri et al. in electron transport meas-
urements through PC 61 BM in regiorandom P3HT. [  31  ]     

 2.3. Resonant Scattering 

 To probe morphology below the resolution limit of X-ray spec-
tromicroscopy, we conducted R-SoXS experiments on the same 
two fi lms investigated with diffraction and microscopy. Scat-
tering intensity arises from structure in the fi lm through the 
contrast function defi ned as  C   =   |  Δ  δ  2   +   Δ  β  2  |  E  4   =   Δ  n  2  E  4  where 
 n   =  1  −   δ   +   i  β  is the materials’ complex index of refraction and  E  
is the photon energy. Displayed in  Figure    5  a, this function can 
be calculated from the NEXAFS measurements (Figure  3 a). [  32  ]  
There are two primary ways that structure in the fi lm can cause 
scattering: roughness/thickness variations through the vacuum 
contrast (blue and red dashed lines Figure  5 a), and material 
domains (black line Figure  5 a). To probe material domains, 
we conducted the scattering experiment at 282.5 eV where 
the vacuum contrast of both components are minimized rela-
tive to the material contrast (green arrow Figure  5 a). Notably, 
using this energy takes advantage of the materials’ phase (i.e.   δ  ) 
contrast rather than absorption (  β  ) contrast used in STXM and 
thus largely avoids the associated radiation damage effects on 
the sample and fl uorescent background that occurs when core-
holes are created.  

 The results of the R-SoXS experiment are presented in 
Figure  5 b, each fi lm showing a well-defi ned broad peak, which 
were each successfully fi t to Voigt peak functions with a log(q) 
axis (a second small peak for the shoulder in the CB sample). 
Due to the large polydispersity of the domain sizes as evident in 
the STXM images, any form factor from the dispersions them-
selves will be washed out, leaving only the structure factor infor-
mation. [  33  ]  These peaks, therefore, represent domain spacing at 
 d   =  2 π / q  (see top axis of Figure  4 b), which is reduced consider-
ably in the presence of the DIO additive. Particularly important 
to characterizing this system was the use of the proper X-ray 
energy in reducing vacuum contrast. Scattering profi les acquired 
at 272 eV, where vacuum contrast dominates, show a double 
peak in the CB + DIO sample (Figure S6), which could errone-
ously be interpreted as a hierarchical structure or a morphology 
with multiple lengthscales. This highlights that a judicious 
choice of photon energy is necessary in resonant scattering. 

 The scattering profi les can be processed further to extract 
the domain purity of an assumed two phase system through 
the total scattering intensity (TSI) as fi rst shown by Porod and 
therefore also referred to as Porod’s invariant. [  33–35  ]

  
TSI =

∫ ∞

0
I(q )q 2dq = 2π 2�ρ2

12v1v2V
  

(1)
   

where  Δ   ρ  12   is the difference in electron density between the 
two phases,  v i   is the volume fraction of each domain and  V  
is the total illuminated volume. This quantity is insensitive to 
69wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     R-SoXS study: (a) Contrast functions ( Δ  n  2  E  4 ) for each material 
with vacuum ( n   =  1) and between each material calculated from NEXAFS 
measurements in Figure  3 a. The assumed density used in the calculation 
was 1.12 and 1.25 g/cm 3  for PTB7 and PC 71 BM, respectively based on 
similar materials. [  46  ,  47  ]  Green arrow indicates where data was acquired. 
(b) Azimuthally integrated scattering profi les with associated peak fi ts 
and calculation of the Total Scattered Intensity (TSI). (c) Normalized 
histogram of scattering intensity versus fullerene domain size from cal-
culations described in the text. Extra scattering from interfaces in the CB 
sample (red curve) below  ∼ 80 nm likely spuriously enhances the apparent 
domain population at this size scale.  
morphology as domains of different sizes scattering to different 
angles ( q ). What does affect the TSI is domain contrast, which 
is therefore an important measure of the domain purity. We 
extend  equation 1  for resonant X-rays through the following 
conversion:
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 

ρ = f1 − i f2

V
=

∑
j

n j ( f1 j + i f2 j ) = αE 2(δ − iβ)

  
(2)

   

where  f 1  − if 2   are the complex elemental scattering factors,  n j   are 
the number densities for the  j th   element in each component 
molecule, and   α   is a factor containing only universal constants 
(see Supporting Information). The left equality in equation 2 
comes from the fact that the scattering factor is equivalent to 
the effective number of electrons that scatter, while the middle 
equality converts from atomic view to that of a molecule. The 
fi nal equality converts from scattering factors to optical con-
stants. Thus

 �ρ2
12 = α2 E 4�n2

12 = α2C12   (3)   

where the subscripts indicate contrast between domains (not 
materials). If the materials are mixed within the domains, this 
contrast will be reduced accordingly, and so will the TSI. 

 As shown in the legend of Figure  5 b, the TSIs from the two 
samples investigated differ by only 12% as calculated from 
equation 3. The illuminated volume  V  was measured to be the 
same for both samples (see Supporting Information). As  Δ  n  
scales with purity and the volume fraction of the domains has 
to be very similar, this difference in the TSI means an approxi-
mately  

√
1.00 − √

0.88 = 6%    difference in relative phase purity 
between the two samples. Remarkably, this implies that the 
relative domain composition is nearly identical in both samples 
and only the size distribution has changed. 

 The nature of the domain interface can also be probed using 
Porod’s law for which the high-q limit of the scattering profi le 
follows a power law. [  33  ,  35  ,  36  ]  Smooth, sharp interfaces result in 
an intensity fall off of  q  − 4  . Fractal interfaces fall off slower (the 
effective interface area grows as smaller length scales are probed 
increasing scattering), while diffuse interfaces fall off faster 
(more mixing produces less scattering). This analysis was pos-
sible on the CB sample, where fi ts in the Porod region resulted 
in a power of  ∼  −4.5 (Figure S5), suggesting diffuse interfaces–
in contrast to analysis in P3HT:PC 61 BM where the power-law 
scaling with q is less than -4, [  10  ]  and thus the interfaces in 
P3HT:PC 61 BM are “fractal” due to crystallite boundaries. The 
small quantitative reduction of the TSI measured here between 
the samples is possibly due to this interface diffusiveness, 
where the much smaller domains in the CB + DIO sample have 
a higher interface-to-volume ratio, and therefore the average 
purity over the entire domain would appear to decrease slightly. 
An alternative explanation may be that, although the fullerene 
dispersions are also pure in the CB + DIO sample, the matrix is 
slightly enriched in PC 71 BM which is held in solution longer 
by the DIO and eventually trapped in the frozen PTB7-rich 
matrix. 

 Having established that the domain compositions for both 
samples are essentially equal, the intensity profi les can be 
inverted into real space histograms of fullerene domain diam-
eter (conversion from spacing to diameter in supporting infor-
mation). It is important to note that this simple inversion can 
only be accomplished with independent confi rmation that 
domain form factors do not contribute to the scattering as is 
the case here. These scattering intensity histograms, repre-
senting the volume distribution of domain sizes, are plotted 
in Figure  5 c revealing a monomodal distribution rather than 
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2013, 3, 65–74
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     Figure  6 .     Morphological and operational schematic: (a) CB fi lm and (b) CB + DIO fi lm. Region I (red) is the pure PCBM agglomerate phase and 
Region II (blue) is the mixed matrix phase. Regions I E  and II E  are those where the photovoltaic effect is most effi cient. Region I D  is a region that is 
dead due to exciton relaxation and Region II R  is where geminate recombination is high. (c) Molecular view at an interface between Regions I and II. 
Red circles are PC 71 BM molecules and blue lines represent PTB7 chains. Yellow dots are excitons while purple and green dots are separated electrons 
and holes, respectively. Excitons created in the darker regions lie outside the effi cient zone and will either relax back to the ground state or recombine 
geminetely.  
bimodal or hierarchical. The difference in domain size distribu-
tion between the samples is stark, with a dominant domain size 
of 177 nm in the CB sample reduced to that of 34 nm when 
DIO is added. The latter size is far more amenable to effi cient 
dissociation of excitons created in the fullerene agglomerates 
at a domain interface and is too small to be imaged by the 
STXM, explaining the results in Figure  3 c. This distribution is 
fairly wide, however, with some domain diameters well below 
10 nm while others are 100s of nm in size. A tighter distribu-
tion around 10 nm may improve exciton capture of the PCBM 
further.    

 3. Discussion 

 The combined three techniques used here to assess fi lm mor-
phology clearly show that both fi lms are composed of pure 
fullerene droplet-like dispersions in a 30:70 wt.% mixed matrix 
as shown in  Figure    6  . Evidently, the thermodynamic miscibility 
measured between molecular species is the dominant driving 
force and trumps any mediating infl uence of the additive 
on domain composition. The effect of the additive is primarily 
to modify the kinetics of fi lm solidifi cation, helping to better 
disperse the excess fullerene agglomerates in the matrix that 
has a composition near the thermodynamic equilibrium. The 
importance of the miscibility in controlling domain compo-
sition in this system contrasts with that of P3HT:PC 61 BM, 
where signifi cantly higher fullerene compositions are metast-
able beyond the thermodynamic miscibility of the two spe-
cies. [  37  ,  38  ]  The GIWAXS measurements additionally suggest 
that both phases are overwhelmingly amorphous. It is con-
spicuous that such large and pure agglomerates of fullerenes 
wouldn’t crystallize as seen in P3HT:PC 61 BM systems, [  39  ]  but as 
no thermal annealing was used in the processing, it is likely 
that the mobility of fullerenes is low and the solidifi cation fast 
enough to prevent crystallization. This type of morphology 
with large pure fullerene phases in a mixed matrix has been 
reported earlier for MDMO-PPV:PC 61 BM blends. [  28  ]  In contrast 
to the hierarchical structure reported by Chen and coworkers 
© 2013 WILEY-VCH Verlag GAdv. Energy Mater. 2013, 3, 65–74
in PTB7:PC 61 BM, [  15  ]  a simple two-domain model describes our 
data very well. This also agrees with EFTEM tomography of 
PTB7:PC 71 BM–a more direct but qualitative measurement with 
respect to composition. [  14  ]  Our results additionally depart from 
the morphological trends deduced in the previous work by 
Chen and coworkers [  15  ]  where their results suggested the domi-
nant domain size to increase from  ∼ 180 nm to  ∼ 230 nm as well 
as the domain purity to decrease by a factor of 4 when DIO 
was added to the solution. These conclusions relied on Guinier 
analysis of radius of gyration which requires isolated domains 
or polymers [  33  ]  (inappropriate as evidenced by the STXM 
images) and composition analysis via the pair distribution func-
tion maximum, which is diffi cult to interpret as it is convoluted 
with domain polydispersity. [  33  ]  Since the study by Chen  et. al.  
used the PC 61 BM fullerene, which has been shown to have very 
different miscibilities with some polymers than PC 71 BM [  12  ,  13  ]  a 
direct comparison is not possible as the systems could develop 
different morphologies.  

 Interpreting the change in device performance in terms of 
the morphological changes depicted in Figure  6  is relatively 
straightforward for the fullerene species. The dramatic decrease 
in the fullerene domain size will result in a signifi cant increase 
in exciton harvesting from the fullerene phase, an outcome 
which is supported by the enhanced photocurrent derived from 
the fullerene species relative to the polymer as seen in analysis 
of the differential EQE spectra. An improved effi ciency from the 
fullerene species has been noted recently in a material system 
where the polymer performed uncharacteristically poorly, but 
the morphology was not fully characterized. [  40  ]  The connec-
tion between morphology and performance is also particularly 
clean in this case because we have shown that in the very same 
fi lm, neither the crystallinity nor the composition but only the 
domain size distribution changes. Thus much of the improve-
ment in  J SC   can be interpreted in terms of increased exciton 
dissociation yield. 

 What is less obvious is the reason for the increase in the 
quantum effi ciency corresponding to light absorption by the 
polymer phase. While we determine that 58% of the overall 
increase in quantum effi ciency is due to improvement in the 
71wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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fullerene photocurrent generation, the 42% increase in polymer 
photocurrent generation is not insignifi cant. In fact, the higher 
solar photon fl ux at energies absorbed by the polymer relative 
to those of the fullerene would likely rebalance the impact from 
the two species, making the effi ciency improvement due to 
poly mer component potentially more important. We note that 
there is a moderate increase in fi ll factor in the CB + DIO device 
compared to the CB device, which could refl ect an improve-
ment in charge separation effi ciency. Indeed, we have recently 
observed a stronger fi eld-dependence of photocurrent genera-
tion in the polymer relative to the fullerene in CB devices that is 
absent in CB + DIO devices made from the same batch of mate-
rials used here. [  41  ]  Thus the solvent additive appears to assist 
the separation of charge following polymer exciton dissociation 
into the charge transfer state. 

 Our morphological measurements show that neither the 
local environment nor the ordering of the polymer changes 
with the presence of the DIO additive. Rather, the mor-
phology change is in each polymer molecule’s proximity to the 
fullerene agglomerates along with an increase of interfacial 
area between the two phases (see Figure  6 ). One hypoth-
esis regarding the increased polymer photocurrent genera-
tion is, therefore, that direct access of polymer chains to a 
fullerene agglomerate facilitates effi cient charge separation 
of electron-hole pairs. The importance of fullerene clusters 
in promoting extended charge separation has been previously 
highlighted by Veldman et al. [  42  ]  where suppression of charge 
transfer photoemission was linked to the formation of phase-
separated fullerene domains. A physical argument behind 
why access to fullerene agglomerates might be essential is 
that for dispersed fullerene molecules in the matrix, the 
energy offset between the two species’ lowest unoccupied 
electron orbitals (LUMOs) is too close to the polymer’s exciton 
binding energy for effi cient charge separation. A recent report 
suggested that fullerene agglomerates have a deeper LUMO 
(a higher electron affi nity) than dispersed molecules. [  43  ]  
Charge transfer states in large regions of the matrix (Region 
II R  in Figure  6 a), therefore, may not have enough excess 
energy to separate into free charges, experiencing a higher 
rate of geminate recombination and a higher fi eld-depend-
ence for charge separation. This could easily account for the 
increase in fi ll factor and increased quantum effi ciency from 
the polymer as well and demonstrate the powerful impact of 
fi lm morphology on device performance. Regardless of the 
underlying physical mechanism, however, it is clear that the 
mixed phase measured here is not a reason for the increased 
effi ciency in this material system, suggesting that molecular 
miscibility may not always have a positive effect on organic 
solar cell performance.   

 4. Conclusion 

 In combination, these complementary resonant X-ray tech-
niques applied to the same fi lm reveal critical quantitative 
statistical information on the nano to mesoscale morphology 
which has until now been unattainable by any means. Spe-
cifi cally, the domain size distribution and the absolute domain 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
composition have been measured in PTB7:PC 71 BM blend fi lms 
by combining resonant spectromicroscopy and scattering. The 
results reveal a simple dispersion and matrix morphology rather 
than a hierarchical structure, and that the matrix composition 
is equal to the thermodynamic miscibility between the compo-
nents. Importantly, the domain composition and crystallinity 
are shown to be essentially unchanged with the addition of 
DIO into the casting solution, while the domain size dramati-
cally decreases. This decrease is linked to improved exciton har-
vesting in the fullerene and charge separation in the polymer 
and suggests a mixed phase is not benefi cial to device perform-
ance but rather polymer access to pure fullerene agglomerates 
is important for effi cient charge separation in this system. For 
the fi rst time the total scattering intensity has been interpreted 
for use in the case of resonant X-rays where molecular contrast 
rather than electron density contrast dominates. This tech-
nique allows for the increasingly quantitative measurements 
required for probing organic blend fi lms in general and organic 
solar cells in particular, helping to guide a more refi ned under-
standing of device function.   

 5. Experimental Section 

 PTB7 was supplied by 1-Material (Batch SX6-037P) with a Mw of 
 ∼ 200 kg mol  − 1  and PDI of  ∼ 4. PC 71 BM was supplied by Nano-C. All fi lms 
investigated via X-rays were cast onto NaPSS-coated glass substrates. 
Solar cells were fabricated on ITO-coated glass covered with a  ∼ 60 nm 
layer of PEDOT:PSS (poly(3,4-ethylenedioxythiophene):polystyrene 
sulfonic acid). NaPSS and PEDOT:PSS fi lms were dried at 150  ° C for 
30min under fl owing nitrogen prior to transfer to a nitrogen glovebox for 
further processing steps. PTB7:PC 71 BM (1:1.5 by weight) was spincoated 
from a chlorobenzene solution (25 total g L  − 1 ) either with or without 
3 vol% 1,8-diiodooctane as cosolvent to give fi lms  ∼ 100 nm thick. Solar 
cells were completed with the evaporation of a 100 nm thick aluminum 
top electrode. Component fi lms were cast from chlorobenzene solutions 
(30 g L  − 1  for PTB7 and 50 g L  − 1  for PC 71 BM) for characterization using 
UV-vis and NEXAFS spectroscopy. 

 Current-voltage characteristics of devices were measured with a 
Keithley 2635 source measure unit under 100 mW cm  − 2  simulated 
AM1.5G (ABET Sun 2000 Class AAA). EQE measurement was performed 
using a 250 W tungsten halogen lamp (Newport, Simplicity QTH) 
dispersed through a monochromator (Oriel Cornerstone 130) with a 
fi lter wheel used to block higher orders. Light intensities of less than 
1 mW cm  − 2  were used with the short-circuit current recorded using a 
Keithley 2635 source measure unit. Light intensity was calibrated with 
a calibrated photodiode with a beamsplitter and reference diode used 
to continuously monitor intensity during measurement. UV-vis spectra 
of the component materials were acquired with a Varian Cary 50 scan 
spectrophotometer. 

 GIWAXS measurements were performed at the ALS bending magnet 
beamline 7.3.3 [  23  ]  with 10 keV X-rays at an angle of incidence of 0.09 ° , 
which allowed penetration through the entire fi lm. The scattered intensity 
was collected by an ADSC Quantum 4 CCD. A plastic bag with helium 
fl ow minimized air scatter along the entire photon path. Scattering from 
a NaPSS-coated glass substrate was measured and used to subtract 
substrate scattering from the signal. Data processing was carried out 
using the NIKA software package. [  44  ]  

 STXM and NEXAFS measurements were performed at the ALS 
bending magnet beamline 5.3.2.2 [  26  ]  using a 240  μ m diameter zone plate 
with an outermost zone-width of 25 nm. Entrance and exit slits were at 
50  μ m and 25  μ m, respectively. Approximately 0.6 Torr of N 2  was bled 
into a section of the beamline to improve spectral purity. All data was 
acquired and processed using methods reported elsewhere. [  30  ]  
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2013, 3, 65–74
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 R-SoXS was conducted at the ALS elliptically polarized undulator 
beamline 11.0.1.2 with most details of the beamline, experiment and 
analysis reported elsewhere. [  45  ]  Important parameters are described 
below in brief. The four bounce order sorter was set to 6 °  for highest 
spectral purity. The scattered intensity was recorded by a back 
illuminated Princeton PI-MTE CCD thermoelectrically cooled to −45  ° C. 
The attenuated beam (via carbon fi lm) was imaged directly by the CCD 
to give a Gaussian profi le with FWHM  ∼ 200  ×  300  μ m. The sample-
detector distance was measured using diffraction from a drop-cast 
fi lm of 300 nm polystyrene spheres. A modifi ed version of the NIKA 
software package was used to: i) subtract background, ii) normalize by 
the I 0  provided by a gold mesh and photodiode, iii) make solid angle 
corrections and iv) reduce the data to I(q) profi les. Integrated scattering 
intensity profi les represent total scattered intensity at a given q. This 
was accomplished by averaging the data along the azimuth captured by 
the CCD and subsequently scaling the profi les by q 2 . Scattering from the 
sample was captured by the CCD as far from the sample as possible 
( ∼ 170 mm) and with the CCD as close as possible ( ∼ 70 mm). The 
profi les acquired from the two datasets were stitched together for an 
extended q-range. 

 Note: An optical modeling study is included to determine the effect 
of optical interference in a device on the relative absorption of the two 
components. Details of the GIWAXS analysis, details of the analysis 
of fi lm composition maps, AFM images, details of the TSI and Porod 
analyses, and calculations for the R-SoXS histogram are also included. 
This material is available in the Supporting Information.   
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